The structure and hydration of the DNA duplex d-(AGCGTACTAG-TACGCT) 2 corresponding to the trp operator fragment used in the crystal structure of the half site complex (PDB entry 1TRR) was studied by a 1.4 ns molecular dynamics simulation in water. The simulation, starting from a B-DNA conformation, used a non-bonded cutoff of 1.4 nm with a reaction ®eld correction and resulted in a stable trajectory. The average DNA conformation obtained was closer to the ones found in the crystal structures of the complexes (PDB entries 1TRO and 1TRR) than to the crystal structure of unbound trp operator (Nucleic Acid Database entry BDJ061). The DNA hydration was characterized in terms of hydrogen bond percentages and corresponding residence times. The residence times of water molecules within 0.35 nm of the DNA non-exchangeable protons were calculated for comparison with NMR measurements of intermolecular water-DNA NOEs and nuclear magnetic relaxation dispersion measurements. No signi®cant difference was found between major and minor groove hydration. The DNA donors and acceptors were hydrogen bonded to water molecules for 77(AE19)% of the time on average. The average residence time of the hydrogen bonded water molecules was 11(AE11) ps with a maximum of 223 ps. When all water molecules within NOE distance (0.35 nm) of non-exchangeable protons were considered, the average residence times increased to an average of 100(AE4) ps and a maximum of 608 ps. These results agree with the experimental NMR results of Sunnerhagen et al. which did not show any evidence for water molecules bound with more than 1 ns residence time on the DNA surface. The exchange of hydration water from the DNA occurred in the major groove primarily through direct exchange with the bulk solvent, while access to and from the minor groove frequently proceeded via pathways involving ribose O3
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H and O4 H and phosphate O2P oxygen atoms. The most common water diffusion pathways in the minor groove were perpendicular to the groove direction. In general, water molecules visited only a limited number of sites in the DNA grooves before exiting. The hydrogen bonding sites, where hydrogen bonds could be formed with donor and acceptor groups of the DNA, were ®lled with water molecules with an average B-factor value of 0.58 mn 2 . No special values were observed at any of the sites, where water molecules were observed both in the trp repressor/operator co-crystals and in the crystal structure of unbound DNA.
Introduction
The crystal structure of the trp repressor/operator complex by Otwinowski et al. (1988) (Protein Data Bank (PDB) ; Bernstein et al., 1977) identi®-cation code 1TRO) was one of the ®rst protein-DNA complexes solved at atomic resolution. Unexpectedly, no direct contacts between protein and base atoms are observed in this complex which could explain the repressor's speci®city for the operator sequence. Rather, the sequence-dependent overall structure of the recognition site seems to be recognized. In addition to this indirect readout mechanism of nucleotide sequence, water molecules mediating contacts between the protein and the bases also seem to confer part of the speci®city. The general features of indirect read-out and water-mediated base contacts were subsequently con®rmed by the tandem trp repressor/operator complex by Lawson & Carey (1993) (PDB identi®-cation code 1TRR) in another crystal form, showing structural conservation of the contact-mediating water molecules. The importance of these water molecules in DNA recognition is further supported by mutation and chemical modi®cation experiments of the DNA . From a comparison of hydration sites in the major groove of the trp operator binding site d-(ACTAGT) 2 in crystal structures of complexed and uncomplexed trp operator DNA, it has been proposed that the local structure and hydration of the DNA are important elements of its recognition by the repressor protein (Shakked et al., 1994) .
The study of the hydration of the trp operator fragment d-(TAGCGTACTAGTACGCT) 2 in solution by NMR spectroscopy did not show any evidence for hydration water molecules bound with residence times longer than about 1 ns at 277 K (Sunnerhagen et al., 1998) . If the hydration sites observed in the single crystal structure of unbound trp operator (Shakked et al., 1994 ; Nucleic Acid Database (NDB); Berman et al., 1992; entry BDJ061) were conserved in solution, the hydration water exchange would have to proceed from de®ned hydration sites to explain their detection in the average electron density map of the X-ray experiment. The present molecular dynamics (MD) study was initiated to investigate the presence and nature of de®ned hydration sites on the surface of trp operator DNA which could be preferentially populated by water molecules in aqueous solution and support the recognition of hydrated trp operator DNA as suggested by Shakked et al. (1994) .
Theoretical studies of DNA structure and hydration have been reported based on molecular dynamics and Monte Carlo simulation techniques (for reviews see Beveridge & Ravishanker, 1994; Louise-May et al., 1996; Young et al., 1997 and references therein) . A spine of hydration in the minor groove of AATT tracts was observed in these simulations (Subramanian & Beveridge, 1989; Young et al., 1997) , in agreement with crystallographic data. Water molecules were observed to penetrate the protein-DNA interface in several simulations of protein-DNA complexes (de Vlieg et al., 1989; Eriksson et al., 1995; Billeter et al., 1996) . Most simulation studies reporting on hydration have, however, concentrated on the structural feature of water molecules on the DNA surface and only a few detailed analyses of the dynamics of hydration have, to our knowledge, been reported. A study of the hydration of bovine pancreatic trypsin inhibitor (BPTI) compared results from molecular dynamics simulation with experimental residence times obtained from NMR measurements (Brunne et al., 1993) . The hydration of a tRNA fragment has recently been investigated by multiple 0.5 ns MD simulations (Auf®nger & Westhof, 1997) . Hydrogen bond percentage and residence times of water molecules hydrogen-bonded to a tRNA anticodon hairpin were reported.
Here we present the results of a 1.4 ns MD simulation of the 16mer DNA duplex d-(AGCGTAC-TAGTACGCT) 2 corresponding to the trp operator sequence in the crystal structure of the complex 1TRR (Lawson & Carey, 1993) . A detailed analysis of the hydration of this DNA duplex is presented and compared with the NMR results from NOE and nuclear magnetic relaxation dispersion (NMRD) experiments in the accompanying article (Sunnerhagen et al., 1998) . DNA hydration is reported in terms of percentage of hydrogen bonds between the DNA donor/acceptor groups and water molecules, the corresponding average and maximum residence times and the localization of the hydrogen bonding sites. For a better comparison with the experimental NMR data, the residence times of water molecules within 0.35 nm distance from non-exchangeable DNA protons are calculated. Finally, pathways of water molecules on the DNA surface are analysed.
Results and Discussion
Convergence and stability of the MD simulation A molecular dynamics simulation of the duplex DNA d-(AGCGTACTAGTACGCT) 2 was setup in SPC water (Berendsen et al., 1981) and 0.2 M NaCl and the simulation was run for 1.4 ns using the GROMOS96 program and force ®eld  for details see Computational Methods). Figure 1 presents the electrostatic and Lennard-Jones potential energies as a function of time of the DNA-DNA , DNA-ions and DNA-water interactions, respectively. The total energy of the system is dominated by the solvent, i.e. equilibrium is reached only once the DNA-solvent interaction energies have equilibrated. The electrostatic terms required about 400 ps to equilibrate, while Lennard-Jones interactions reached an equilibrium within the ®rst 50 ps of the simulation. A similarly long equilibrium period has been reported recently form a 5 ns DNA MD simulation (Young et al., 1997) . This clearly indicates that nanosecond time range simulations are required to allow for proper equilibration in such highly charged systems. The long relaxation time to the electrostatic energy terms comes from the slow reorganization of the solvent around the charged species (ions and DNA). Based on these observations, we limited the subsequent analysis to the last nanosecond of our trajectory, i.e. the time range between 0.4 and 1.4 ns. The importance of van der Waals interactions for the stability of double-stranded DNA, which compensate for the positive electrostatic energy, is clearly shown in Figure 1 . The use of too short cutoffs for such interactions can therefore result in unstable trajectories.
Structural analysis
The root mean square (rms) deviations from the starting B-form (Arnott et al., 1976 ) DNA structure increased during the simulation while the rms deviations from an ideal A-form DNA decreased as illustrated by the time dependence of the rms deviations in Figure 1 (c). The deviations from the average structure in the last nanosecond were 0.11(AE0.02) and 0.13(AE0.02) nm for base atoms and all heavy atoms, respectively, excluding the ®rst two and last two base-pairs of the duplex. The rms deviations, which only give a global measure of the ®t, are however poor descriptors of the structure. An analysis of the trajectory with the nucleic acid analysis program SCHNAaP (Lu et al., 1997) identi®es the DNA throughout the simulation as B-DNA. The simulation further reproduces the increased¯exibility of pyrimidine-purine sequences (along the chains in the 5 H to 3 H direction) compared to other sequences as deduced from an analysis of crystallographic data (Olson et al., 1998) . A detailed analysis of the DNA parameters will be published elsewhere. The interstrand Watson-Crick hydrogen bonding was largely preserved through the entire simulation (gray bars in Figure 2 ), except that base-pairing was lost at both ends of the duplex in favour of hydrogen bonds with the following or preceding base-pairs, respectively, leading to structural deformation at the ends of the DNA fragment. The loss of Watson-Crick hydrogen bonds in the middle part of the DNA was almost completely compensated by interresidual hydrogen bonds between opposite bases. At least one Watson-Crick hydrogen bond was always observed (except at both ends of the DNA) at any time during the simulation.
The deformations at both ends of the DNA could be attributed to truncation effects in the treatment of electrostatic interactions (Beveridge & Ravishanker, 1994; York et al., 1995) . It has been shown that, especially for charged systems like DNA, more accurate treatment of electrostatics using particle-particle particle-mesh (PPPM; Luty et al., 1995; Luty & van Gunsteren 1996) or particlemesh Ewald (PME; Essman et al., 1995) methods Structure and Hydration of the trp Operator generates more stable trajectories (Cheatham et al., 1995; I. G. Tironi, B. A. Luty & W. F. van Gunsteren, unpublished results) . Particularly promising for simulations in solution is the particle-particle particle-mesh method with non-periodic long-range interactions proposed by Luty & van Gunsteren (1996) . This method should avoid the introduction of long-range periodicity in nonperiodic systems. In the present work, a long-range cutoff of 1.4 nm was used in conjunction with a reaction ®eld correction to the atomic forces which has been shown to remove charge distribution artifacts (Auf®nger & Beveridge, 1995) typically associated with truncation of non-bonded interactions.
A comparison between the conformations of the central DNA segment d-(ACTAGT) 2 common to all crystal structures of trp repressor/operator complexes and unbound operator DNA and the conformations generated during the MD run reveals that the average MD conformation is closer to the DNA conformation in the complexes (PDB entries 1TRO (Otwinowski et al., 1988) and 1TRR (Lawson & Carey, 1993) ) than to the conformation of unbound DNA in the single crystal (NDB entry BDJ061; Shakked et al., 1994 ; Figure 3 ). The differences are signi®cant, considering that the same DNA segment¯uctuated around the average structure of the MD simulation with an average rms deviation of only 0.1 nm and a standard deviation of 0.02 nm. In particular, the average MD structure displays helix unwinding relative to B-DNA like the two complex structures, but with somewhat more unwinding than the complexed DNA ( Figure 3 ). The crystal structure of the free DNA is closer to B-form DNA, the starting conformation in our simulation (0.1 nm rmsd), than the DNA in the two complex structures ($0.19 to 0.2 nm rmsd). As noted for the uncomplexed trp operator (Shakked et al., 1994) , it is not clear how far the DNA structure in the single crystal is in¯uenced by crystal packing effects (Shakked, 1991; Baikalov et al., 1993; Dickerson et al., 1994) .
The nucleotide sequence of the DNA fragment in our MD simulation is the same as in the complex 1TRR (Lawson & Carey, 1993) , except that the 5 H overhangs were omitted which were present in the co-crystal. The rms deviations from the complex structure (1TRR) as a function of time are presented in Figure 4 . During the ®rst 300 ps of the simulation the DNA moves closer to the conformation in the complex 1TRR with rms deviations as low as 0.15 nm for the base heavy atoms, excluding the ®rst two and last two base-pairs. The rms deviations subsequently¯uctuate between 0.2 and 0.35 nm in the last part of the trajectory, with an approximate time constant of about 600 ps for the lowest frequency motion. As can be seen from the plot of the DNA axis (Figure 4 ), de®ned as the (Otwinowski et al., 1988) , (c) DNA in the trp repressor-DNA co-crystal, PDB entry 1TRO (Lawson & Carey, 1993) and (d) free DNA in the single crystal (Shakked et al., 1994) . The DNA representations were generated with Dials & Windows (Ravishanker et al., 1989) . The vertical line in the DNA representation corresponds to the DNA axis.
line connecting the centre of the base-pairs (Dials & Windows; Ravishanker et al., 1989) , this low frequency motion corresponds to periodic helix bending. Helix bending is also found in the complex 1TRR (Figure 4) . A much longer simulation would be required to sample this slow motion property.
Hydration analysis
In X-ray crystallography, hydration sites are detected by electron density of localized hydration water molecules. In an analogous way, the average hydration observed in an MD simulation can be represented as the probability of ®nding a water molecule at a certain position in the simulation box during the simulated time period. Figure 5 shows an average probability map (equivalent to an electron density map) of water molecules on the DNA calculated from the 1 ns trajectory (see Computational Methods). The probability, drawn at one and a half standard deviations above the mean value, is not uniformly distributed around the DNA, but show preferences for distinct sites in the grooves. Some of these appear quite isolated, while others overlap with each other, which may partly be due to local movement of the DNA. The hydration sites observed in Figure 5 are not very well conserved between the symmetry-related halves of the DNA. Clearly, it is impossible to interpret the hydration probability in terms of a single structural network of hydration water molecules, where most water molecules are at hydrogen bonding distance from each other.
The dominant interactions between water and DNA are caused by hydrogen bonding between polar groups and water molecules (Hummer & Soumpasis, 1994; Hummer et al., 1995; Schneider & Berman, 1995) . Therefore, a more detailed analysis of the present MD simulation was performed for water molecules hydrogen-bonded to the DNA. Water``hydrogen bonding sites'' de®ned in this way were analysed in terms of water residence times, frequency of hydrogen bond formation and breaking, B-factors, number of hydrogen bonds and order parameters. Since the hydrogen bonding sites are strictly associated with de®ned donor/ acceptor groups of the DNA, they are not affected by the motions of the DNA as the hydration probability presented in Figure 5 , allowing a more accurate determination of their structural and dynamic characteristics.
Hydrogen bonding analysis
A time history of water-DNA hydrogen bonds for the major groove donors and acceptors of the central six base-pairs d-(ACTAGT) 2 is given in Figure 6 . Each colour corresponds to a different water molecule, white indicating the absence of hydrogen-bonded water according to our hydrogen bond identi®cation criterion (see Computational Methods). Several observations can be made from this Figure. First, donors and acceptors were hydrogen-bonded to water molecules for most of the time (80% an average). Second, the different hydrogen bonding sites on the DNA, de®ned as the region of space satisfying the hydrogen bond criterion (distance proton-acceptor <0.25 nm and angle donor-proton-acceptor >125 ) were visited by a large number of water molecules during the time period of our analysis. Hydration in solution is thus a highly dynamic process. The maximum residence time of a hydrogen-bonded water molecule was approximately 180 to 220 ps. This is consistent with the results of the NMR experiments of Sunnerhagen et al. (1998) where the residence time of water molecules on the DNA surface was found to be shorter than 1 ns. Some water molecules visited a particular site several times during the one nanosecond time interval analysed. For example, the water molecule hydrogen-bonded to N4 of Cyt ± 6 between 540 and 770 ps (orange) reappeared again at 880 ps. Migration between various sites was also observed, e.g. the water indicated in violet migrated from Thy ± 5 O4 to Gua6 O6/N7 and back between 720 and 1160 ps. Water molecules forming hydrogen bond bridges between two and even three donors/acceptors of adjacent bases were detected, e.g. the water indicated in dark blue connecting Ade5 N6 to Gua6 O6/N7 around 720 ps and Gua6 O6/N7 to Thy7 O4 around 940 ps.
It is important to note that the lifetimes of the hydrogen bonds depend critically on the time res- Structure and Hydration of the trp Operator olution used for the analysis of the MD trajectory. For example, some of the water molecules hydrogen-bonded to N6 of adenine resided in hydrogen bonding position for time periods of the order of 250 ps with short breaks in between. With the 2 ps time resolution chosen in this work, the maximum lifetime observed for a water molecule hydrogenbonded to Ade N6 was 185 ps, while a visual inspection would suggest a maximum residence time of about 250 ps. Our choice of time resolution was based on the dipolar rotational correlation time of SPC water. Using a time resolution window of 4 ps for our analysis, which exceeds the SPC water dipolar rotational correlation time of 3.4 ps, we would have obtained a maximum lifetime of 257 ps for Ade N6. Clearly, the neglect of water rotation by the choice of a longer time resolution window increases the apparent hydrogen bond lifetimes. The very long lifetimes of the order of 300 to 500 ps reported recently by Auf®nger & Westhof (1997) for the hydration of a tRNA anticodon hairpin may primarily re¯ect different criteria used for the hydrogen bond lifetime analysis. Our average lifetimes were calculated by averaging over all water molecules hydrogen-bonded for a least 2 ps, the time resolution chosen, while Auf®nger & Westhof (1997) only considered the water molecules present in a hydrogen bonding position for at least 300 ps without distinguishing between the water protons, thus neglecting water rotation.
Hydrogen bonding statistics for various donors, acceptors and different averages are listed in Table 1 . On average, the donors and acceptors in the major and minor grooves of the DNA were hydrogen bonded to water molecules for 77% of Figure 5 . Stereo views of the hydration probability map around the average DNA structure: (a) major groove, (b) minor groove. The probability map was calculated from 1000 snapshots taken at 1 ps intervals from the 0.4 to 1.4 ns MD trajectory (see Computational Methods) and is plotted at 1.5 standard deviations above the mean. The apparent absence of wellde®ned hydration probability at both ends of the duplex is an artifact resulting from the bending of the DNA during the MD simulation (Figure 4 ) and the superposition of the central six base-pairs used here. The Figure was generated with SETOR (Evans, 1993) . the time, with average hydrogen bond lifetimes of about 11 ps and maximum residence times ranging between 28 ps (Ade N7) and 223 ps (Thy O4). As stated above, this is consistent with the NMR measurements indicating short residence times of the hydration water on the DNA. Removing the angular criterion for better correspondence with water-DNA NOE data measurable by NMR increased the hydrogen bond percentages and lifetimes by less than 5%. For comparison, waterwater hydrogen bonds in the bulk water had an average lifetime of 4.5 ps, in agreement with experimental data (Hindman, 1974; Lankhorst et al., 1982) , and a maximum lifetime of 25 ps.
Interestingly, higher hydrogen bond percentages were found for the donors than for the acceptors (90% versus 71%). This could be attributed to the difference in partial charges between the water oxygen (À0.82) and the DNA acceptors (À0.36 for N3/N7 and À0.38 for carbonyl oxygen atoms) resulting in stronger interactions between DNA donors and water than between water and the DNA acceptors. Furthermore, there seems to be a trend toward higher hydrogen bond percentage of pyrimidines (83%) than for purine (72%). Infrequently, water molecules were observed to hydrogen bond simultaneously to two or more donors and acceptors in the major and minor groove.
Multiple hydrogen bonds were found mostly at guanine O6 (5%) and thymine O2 (12%).
In order to analyse the localization of hydrogen-bonded hydration water molecules, B-factors were calculated for the average bonding sites (see Computational Methods). The average B-factor for all hydrogen bonding sites in the major and minor groove was 0.58 nm 2 , corresponding to an rms¯uctuation around the mean position of 0.15 nm. This indicates that, in spite of the short residence times, the water molecules are reasonably well localized on the DNA surface and might thus be predicted to be observable in single crystals by X-ray crystallography. No signi®cant difference in hydrogen bond percentage, B-factors or lifetimes could be found between major and minor groove.
Water molecules were also hydrogen bonded for most of the time to ribose (90%) and phosphate (99%) oxygen atoms ( Table 1 ). The average number of hydrogen bonds was 1.1 and 2.5 for ribose and phosphate oxygen atoms, respectively. The average and maximum residence lifetimes for the latter were similar to those for the donors and acceptors in the major and minor grooves. The corresponding hydrogen bonding sites were however much less well de®ned than in the grooves with average B-factors of 1.5 and 3.7 nm 2 ). For practical reasons, these average hydration sites were not derived from the probability maps shown in Figure 5 , which are dif®cult to interpret in terms of de®ned, individual hydration sites but by averaging the positions of hydrogen-bonded water molecules (see Computational Methods). Most of the average positions de®ned in this way coincide with high probability density in Figure 5 . After superposition of the DNA, an rms deviation of 0.11 nm was calculated between the averaged positions of hydrogen-bonded water molecules in the central d-(ACTAGT) 2 segment and the closest corresponding maxima of the probability density map, identi®ed by a peak picking routine. There were, however, more high density maxima than averaged water positions and some of these overlapped. Furthermore, 3 of 21 averaged water positions were excluded from the rmsd calculation, because the nearest maximum in the probability density was closer to the position of another averaged water position or was less than two standard deviations above the mean.
Both grooves are ®lled with hydration water molecules. As in single crystal structures of B-DNA (Schneider & Berman, 1995) , the hydration sites lie most often in or near the planes of the base-pairs. The ®rst two and last two base-pairs (see Figure 2 for the nucleotide sequence) were excluded from this analysis. The criterion for hydrogen bonding was a maximum distance proton-acceptor of 0.25 mn and a minimum angle donor-proton-acceptor of 125
. Standard deviations are given between brackets.
a Time resolution of 2 ps, i.e. hydrogen bonds broken and reformed between the same partners with the time resolution were counted as one continuous hydrogen bond.
b B-factors were calculated from the positional rms¯uctuations u from the average hydrogen bonding site as B 8/3p 2 u 2 . The hydrogen bonding site positions were calculated by averaging over all water molecules hydrogen-bonded to a particular DNA donor/acceptor atom after superimposing in the corresponding base or sugar atoms.
c Excluding purines N1 and pyrimidines N3, ribose and phosphate oxygen atoms.
In several examples, water molecules were found in bridging positions between different hydrogen bonding partners of the DNA. In the minor groove, water bridges connecting the two strands were found for 21% of the time at all G ÁC base-pairs connecting the N2 protons of guanine to the O2 oxygen of cytosine. Water bridges were also observed between the N3 nitrogen and the N2 protons of guanines for ®ve out of six guanines in the fragments analysed, albeit with smaller percentages and shorter lifetimes. The ribose O4 H oxygen atoms were connected to the donors/acceptors of the preceding base (pyrimidine O2, guanine N2 and adenine N3) through a bridging water molecule for 23% of the time on average, with values as high as 43% for water bridges to guanine N2. A large number of water bridges was found in the major groove, mostly between sequential bases.
In particular, water bridges were found at all AG and GT steps. In addition, water bridges were found at almost all purines, bridging O6/N6 and N7. This, together with the previously mentioned sequential water bridges at the AG and GT steps, resulted in a particularly dense hydration network at the AGT sequence, which is part of the recognition sequence of the trp operator. 
Comparison with crystal structure hydration
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DNA and the DNA in the co-crystal structure 1TRO. All but one of these ®ve water molecules are also present in the co-crystal structure 1TRR with largely identical hydrogen bonding partners on the DNA and the protein. In our simulation, the corresponding hydration sites wee identi®ed by the hydrogen bonds to the DNA donor/acceptor atoms. Only the hydration sites of the water molecules W5
H and W5 near A À 5 and T5 could not be distinguished, since a single, bifurcating water molecule was found at the central AT step (Figure 7(a) ). Notably, the average hydration sites shown in Figure 7 are not always at hydrogen bonding distance from the donor/acceptor atoms of the average DNA structure, although these hydrogen bonds had been used to identify the sites. This illustrates the problems and dangers of drawing conclusions from a time or ensemble-average representation. The same may hold for hydration water molecules detected by X-ray crystallography which do not seem to form hydrogen bonds with nearby hydrogen bonding partner of the macromolecule, although the structures suggest`o bvious'' donor/acceptor groups. The donors and acceptors at the recognition sequence of the DNA were hydrogen bonded for more than 50% of the simulation time, except for adenine N7 atoms which seemed to be less frequently involved in hydrogen bonding. The hydration sites W1/W1 H to W5/W5 H were well de®ned with rms¯uctuations around the average between 0.11 and 0.16 nm, corresponding to B-factors in the range 0.30 to 0.70 nm 2 . The asymmetry in the B-factors between the symmetry related hydration sites is comparable between the simulation and the crystal structure (Shakked et al., 1994) with an average B-factor difference of 0.10 nm 2 . The solution B-factors are about two to three times larger than the B-factors of the corresponding water molecules determined for the single crystal structure. Similarly, the average B-factors of the corresponding base atoms in the crystal obtained in the crystallographic re®nement (0.12 mn 2 ) differ from those in solution obtained by MD simulation (0.23 nm 2 ). These differences are not unexpected since we are comparing¯uctu-ations of single atoms in a molecular dynamics simulation in solution with the widths of peaks in the electron density at speci®c sites in a crystal. Therefore, B-factor values around 0.60 nm 2 in the simulation still represent well de®ned positions with respect to the DNA bases.
Is there any property that distinguishes, in our simulation, the allegedly conserved hydration sites W1/W1 H to W5/W5 H from the crystal structures from other sites on the DNA? There was, perhaps, a slightly denser network of water bridges associated with the d-(ACT)*d-(AGT) segment than with other parts of the DNA. The sites W1/W1 H to W5/ W5 H did, however, not differ from other hydration sites with respect to their hydrogen bonding percentages or residence lifetimes. These sites were only signi®cantly better de®ned and less accessible than the other sites in the major groove with an average B-factor of 0. a Average hydrogen bonding sites obtained by averaging the position of the water molecules hydrogen bonded to the atoms of the previous column (see Material and Methods) and named after the closest water molecules hydrogen bonded to the same atoms in the crystal structure of Shakked et al. (1994) .
b The criterion for hydrogen bonding was a maximum distance proton-acceptor of 0.25 nm and a minimum angle donor-protonacceptor of 125 . c Time resolution of 2/4 ps, just below and above the SPC water rotational correlation time, respectively. Hydrogen bonds broken and reformed between the same partners within the time resolution window were counted as one continuous hydrogen bond.
d Rms positional¯uctuations from the average hydrogen bonding site positions calculated by averaging over all water molecule oxygen atoms hydrogen-bonded to a particular DNA donor/acceptor atom after superimposing the corresponding base atoms.
e B-factors were calculated from the rms positional¯uctuations u from the average bonding site as B 8/3p 2 u 2 . f Values from the crystal structure re®nement of the unbound DNA (Shakked et al., 1994) . g Only one site for water molecules W5/W4
H and W5 H /W4, respectively, was found in the MD simulation.
in the bulk has a solvent accessible surface area of 0.99 nm 2 ). These observations are in line with a molecular dynamics study of the hydration of BPTI (Brunne et al., 1993) , where no speci®c criterion could be found to distinguish the water molecules near the sites of the preserved crystallographic surface water molecules from the other water molecules on the DNA surface.
Investigating the number of hydrogen bonds formed by the water molecules hydrogen-bonded to the DNA at the sites W1/W1 H to W5/W5 H showed that these water molecules formed on average near four hydrogen bonds to DNA and water during the MD simulation. All these hydrogen bonds ful®lled the criterion of a maximum proton-acceptor distance of 0.25 nm and a minimum donor-proton-acceptor angle of 125 . The short residence times observed in the simulation were thus not a consequence of poor hydrogen bonding. Much fewer hydrogen bonds seem to be formed by the corresponding water molecules in the single crystal structure (Shakked et al., 1994; Sunnerhagen et al., 1998) which may be a consequence of the inherent ensemble and time averaging of the X-ray crystal structure analysis.
Residence times of water molecules within NOE distance
For a better comparison with the experimental NMR data, the residence times of water molecules within 0.35 nm distance from non-exchangeable DNA protons were calculated. The average and maximum values are listed in Table 3 . The average residence times for water molecules within NOE distance ranged between 80 and 110 ps, almost one order of magnitude longer than the residence times obtained for hydrogen-bonded water molecules. This increase re¯ects more of the different criteria used for the identi®cation of hydrogen-bonded water molecules and of water molecules within NOE distance rather than a different behaviour of the water molecules in the proximity of non-exchangeable proteins. The maximum residence times varied between approximately 300 and 650 ps. No water molecule remained in the ®rst hydration layer of the DNA for longer than 650 ps, which is consistent with the experimental NMR results (Sunnerhagen et al., 1998) . There are on average between four and nine water protons within NOE distance of any nonexchangeable DNA proton. As for the hydrogen bond analysis, no signi®cant difference in residence times could be found between major and minor groove. The longest average residence times were observed at the H8 protons of purines (111 AE 11 ps) and the methyl groups of adenines (109 AE 17 ps). The present results can be compared with those obtained for BPTI (Brunne et al., 1993) , since similar distance cutoffs were used in both studies. The average residence time at the nonexchangeable DNA protons was about four times longer than that found for the proteins BPTI. Different water models were however used in the two studies. The SPC water model used in this work has a higher diffusion constant (Smith & van Gunsteren, 1994) than the SPC/E model used for the BPTI study and is thus expected to result in shorter lifetimes. Longer residence times would thus be expected for a DNA-SPC/E water model, which makes the increased residence times for the DNA in this study compared to those for BPTI even more signi®cant. Water exchange from the first layer of hydration Insight into the mechanism of water exchange on the DNA surface can be gained by monitoring the trajectories of the water molecules hydrogen bonded to DNA donors and acceptors. From the total of 8242 water molecules in the system, 2396 became hydrogen bonded to the central 12 basepairs of the DNA at some point during the course of the simulation. Only 665 of those were successively hydrogen bonded to more than four acceptor or donor groups of the DNA. These water molecules formed an average 6.8(AE2.2) successive hydrogen bonds with the DNA, with a maximum of 17. Many water molecules travelled up and down the DNA backbone, forming successive hydrogen bonds with the phosphate and ribose O3
H and 05 H oxygen atoms. In the major groove, most water molecules exchanged directly with the bulk solvent. Some entrance and exit pathways were also observed which involved hydrogen bonds to the O1P phosphate and ribose O5
H oxygen atoms. Once in the groove, water molecules were found to migrate between a limited number of sites, typically two to three, forming hydrogen bonds to a maximum of three successive basepairs, before exiting again. There was thus only limited diffusion in the groove direction. In the minor groove, only a few instances of direct exchange with the bulk were observed. Instead, most of the water molecules entered and exited via pathways involving the O2P phosphate and the O3 H and/or O4 H ribose oxygen atoms. Some water molecules could be followed crossing from the phosphate of one strand to the opposite strand via minor groove donors/acceptors. The main diffusion pathways were thus perpendicular rather than parallel to the minor groove direction. Diffusion from one site to another occurred in a time span that was usually shorter than the residence time at a given site, which could be described as hydration water exchange by``hops'' in and out of localized hydration sites (Gu & Schoenborn, 1885; Sunnerhagen et al., 1998) .
Conclusions
The structure and hydration of the trp operator was studied from a 1.4 ns molecular dynamics simulation in water. The use of a long non-bonded cutoff of 1.4 nm together with a reaction ®eld correction allowed the generation of a stable MD trajectory while avoiding the artifacts typically with truncation schemes for the non-bonded interactions. Simulations of such highly charged systems require long equilibration periods of at least several hundreds of picoseconds to allow for solvent re-organization around the charged species. Nanosecond simulations are thus a requirement for proper sampling and statistics.
The solution structure of the trp operator in the MD simulation was closer to the DNA structures in the trp repressor/operator co-crystals (Otwinowski et al., 1988; Lawson & Carey, 1993) than to the crystal structure of uncomplexed DNA (Shakked et al., 1994) . Crystal packing, which has been shown to affect DNA conformation, could well be at the origin of the differences between the isolated trp operator structure in the crystal and in solution as obtained from the molecular dynamics simulation. Helix bending toward the major groove at the recognition sequence and some degree of helix unwinding were observed in the simulation, similar to what was found in the trp repressor/operator co-crystal structures.
The DNA is well hydrated, donors and acceptors forming hydrogen bonds with water molecules for 77% of the time on average. The water molecules hydrogen-bonded to the DNA bases formed on average about four hydrogen bonds to the DNA and other water molecules, with near-optimum hydrogen bond lengths and angles. Hydration of the trp operator was, however, a highly dynamic process, the average residence time of water molecules in hydrogen bonding position being 11 ps with maximum values around 200 ps. When considering water molecules within NOE distance (<0.35 nm) from the DNA non-exchangeable protons, the average residence time increased to 100 ps with maximum values around 500 to 600 ps. No water molecule resided for more than approximately 600 ps on the DNA surface. These results correlate well with the experimental NMR relaxation measurements of the accompanying article (Sunnerhagen et al., 1998) . Minor and major groove hydration characteristics were not distinguishable in terms of percentage of hydrogen bonds or residence times. Different mechanisms of water exchange were, however, detected between the two grooves: in the major groove, water molecules could exchange directly with the bulk solvent, while, in the minor groove, the most common exchange mechanism involved pathways through ribose and phosphate oxygen atoms. The main diffusion pathways in the minor groove were thus perpendicular to the groove direction. Quite generally, water molecules visited only a limited number of sites in the DNA grooves before exiting.
The average hydrogen bonding sites calculated from the MD trajectory formed ribbons of hydration in both grooves and were mostly located close to the plane of the bases. These sites were reasonably well de®ned with an average B-factor of 0.58 nm 2 corresponding to an average¯uctu-ation around the mean position of 0.15 nm. For comparison, the¯uctuation around the average position for the base atoms of the central six basepairs was 0.09 nm. From these average hydrogen bonding sites four out of the ®ve conserved hydration sites observed in the various crystal structures could be identi®ed, only one bifurcating hydration site being found for the two water sites at the central AT step in the crystal structures. No special feature could, however, be identi®ed for these sites which could explain why they should be conserved between uncomplexed DNA and trp repressor/operator complexes. No signi®cant differences in terms of hydrogen bond percentages, residence times, B-factors or solvent accessible surface area could be found between the conserved sites and other sites on the DNA surface.
Computational Methods
Molecular model and interactions
The DNA, ions and water were modelled according to the GROMOS96 model and force ®eld 43A1 .
System setup
The DNA sequence used in the MD simulation was d-AGCGTACTAGTACGCT. From this sequence a duplex with ideal B-DNA conformation (Arnott et al., 1976) was generated and solvated in a rectangular box of single point charge (SPC) water (Berendsen et al., 1981) with a minimum solute-wall distance of 1.4 nm. The system was subsequently submitted to 250 steps of steepest descent energy minimization to remove bad contacts between the DNA and the water while keeping the DNA coordinates ®xed. 30 sodium ions were added to neutralize the system, and 15 additional sodium ion pairs introduced to bring the system to an approximate 0.2 M salt concentration. The ions were added one by one in an iterative manner by calculating the electrostatic potential of each water molecule and replacing the water molecule with the most negative or positive potential by a Na or Cl À , respectively. This was followed by 250 steps of steepest descent energy minimization with position constraining on the DNA atoms. The ®nal system comprised 25,522 atoms, including 718 DNA atoms, 60 ions and 8248 water molecules.
MD simulation
The simulation was run for 1.4 ns using the GRO-MOS96 MD program (van Gunsteren et al., 1996) . The time step used in the leapfrog integration scheme was 0.002 ps. Covalent bond lengths were constrained with the procedure SHAKE (Ryckaert et al., 1977) with a relative geometric tolerance of 0.0001. The initial velocities were taken from a Maxwellian distribution at 277 K, the temperature of the NMR experiments (Sunnerhagen et al., 1998) . The temperature of the system was maintained by weakly coupling solute and solvent, separately, to an external temperature bath at 277 K (Berendsen et al., 1984) . The temperature coupling constant was 0.1 ps (0.01 in the ®rst 50 ps). The pressure was maintained by weakly coupling the system to an external pressure bath at one atmosphere with a coupling constant of 0.5 ps (0.05 during the ®rst 50 ps). The non-bonded interaction pair list was updated every ®ve steps with a cutoff of 0.8 nm. Longer time intervals for the update would have resulted in heating problems due to the water rotational re-orientation. The non-bonded interactions were calculated with group cutoffs using the twin-range method (van Gunsteren & Berendsen, 1990 ) with cutoffs of 0.8 and 1.4 nm, respectively: all non-bonded interactions within 0.8 nm were calculated at every step while the long-range contribution, up to 1.4 nm, was updated every ®ve steps. A reaction ®eld correction was used with permittivity e RF of 54, which corresponds to the dielectric permittivity calculated for the SPC water model (Smith & van Gunsteren, 1994) . Position restraints were applied on DNA heavy atoms during the ®rst 40 ps of the simulation with decreasing force constraints of 5000, 500, 50 and 5 kJ mol À1 nm À2 , respectively, to allow the water to equilibrate without disturbing the DNA structure. Coordinates were saved every 0.1 ps for analysis.
Root mean square (rms) deviations
All reported rms deviations between structures were calculated over the heavy atoms of the speci®ed regions after superimposing the structure on the heavy atoms of the corresponding bases. This procedure was chosen to remove backbone¯uctuations from the ®t.
Solvent accessible surface area
The solvent accessible surface area of hydration sites was calculated with the program NACCESS (Hubbard & Thornton, 1993) , using a 0.14 nm radius probe.
DNA hydration analysis
Hydration probability map
An average hydration probability map (analogous to an electron density map; DeLano & Bru È nger, 1994) was calculated with a modi®ed version of X-PLOR (Bru È nger, 1993) from 1000 snapshots taken at 1 ps interval in the 1 ns MD trajectory used for analysis. This was done by superimposing the heavy atoms of the central six DNA base-pairs onto the average structure and de®ning a three-dimensional unit cell enclosing these structures with a grid spacing of 0.05 nm and a cushion of 1.0 nm. The probability density was calculated as a sum of ®ve Gaussian distributions, as is commonly done to approximate atomic-form and Debye-Waller factors (Brunger, 1989; DeLano & Bru È nger, 1994) , from the water oxygen positions within the de®ned unit cell. Standard atomic scattering factors for oxygen and effective B-factors of 0.25 nm 2 , which correspond to the average value obtained from the¯uctuations of the central six DNA base-pairs in the MD simulation, were used in the calculation.
Hydrogen bonds
DNA hydration was studied by monitoring hydrogen bonds between potential donors and acceptors on the DNA and water molecules. The last nanosecond of the MD trajectory (from 0.4 to 1.4 ns) was used for analysis using a maximum proton-acceptor distance of 0.25 nm and a minimum donor-proton-acceptor angle of 125 as hydrogen bond criterion. Hydrogen bond percentages were calculated by dividing the number of hydrogen bonds observed by the total number of con®gurations in the MD trajectory used for analysis. For the hydrogen bond lifetime analysis, a time resolution of 2 ps was chosen which is less than the rotational correlation time of SPC water (3.4 ps; Smith & van Gunsteren, 1994) . Hydrogen bonds which were broken and reformed between the same partners within 2 ps were counted as single continuous hydrogen bonds while those present for a shorter period were not included in the lifetime analysis. For comparison, selected hydration sites were also analysed using a time resolution of 4 ps.
Average hydrogen bonding sites
Average hydrogen bonding sites on the DNA and their corresponding B-factors were calculated by averaging the position of all water molecules hydrogen bonded to each donor and acceptor atom, after superimposing the corresponding base or sugar moieties for minimum positional rms deviations. Hydrogen bonding sites within 0.24 nm distance from each other were averaged by weighting them with their corresponding hydrogen bond percentages.
Water-DNA NOEs
Water-DNA NOEs were analysed from the last nanosecond of the MD trajectory (from 0.4 to 1.4 ns), using a maximum proton-proton distance of 0.35 mn as NOE distance criterion. NOE contact percentages were calculated by dividing the number of NOE contacts by the total number of con®gurations analysed. For the water molecule residence time analysis, a time resolution of 10 ps was chosen, above the SPC water dipolar rotational correlation time. Only water molecules detected within the NOE distance cutoff for more than 5% of the analysis time (50 ps) were considered.
